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Abstract

Identifying traits that affect the reproductive success of individuals is fundamental for our
understanding of evolutionary processes. In cooperative breeders, a dominant male typically
restricts mating access to the dominant female for extended periods, resulting in pronounced
variation in reproductive success among males. This may result in strong selection for traits
that increase the likelihood of dominance acquisition, dominance retention and reproductive
rates while dominant. However, despite considerable research on reproductive skew, few
studies have explored the factors that influence these three processes among males in
cooperative species. Here we use genetic, behavioural and demographic data to investigate
the factors affecting reproductive success in dominant male meerkats (Suricata suricatta).
Our data show that dominant males sire the majority of all offspring surviving to 1 year.
A male’s likelihood of becoming dominant is strongly influenced by age, but not by
weight. Tenure length and reproductive rate, both important components of dominant
male reproductive success, are largely affected by group size and composition, rather than
individual traits. Dominant males in large groups have longer tenures, but after this effect
is controlled, male tenure length also correlates negatively to the number of adult females
in the group. Male reproductive rate also declines as the number of intra- and extra-group
competitors increases. As the time spent in the dominant position and reproductive rate while
dominant explain > 80% of the total variance in reproductive success, group composition
thus has major implications for male reproductive success.

Keywords: demographic factors, dominance, group effects, reproductive skew, reproductive tenure,

sexual selection, Suricata suricatta

Received 16 November 2007; revision received 15 January 2008; accepted 5 February 2008

Introduction

Identifying traits that affect the reproductive success of
individuals is critical for our understanding of phenotypic
evolution. Attempts to identify such traits are dependent
on accurate measures of reproductive success and typically
require long-term observational and genetic data of indi-
vidually known subjects. Several studies have investigated
individual reproductive success with sufficient detail to enable
meaningful analyses of traits affecting reproductive success
[e.g. life history (Brommer et al. 2002; Blums & Clark 2004;
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Clutton-Brock et al. 2004); behavioural (Bensch et al. 1998);
morphological (Jensen et al. 2004), and genetic (Amos ef al.
2001)]. However, few studies have identified the traits that
are important for reproductive success in highly cooperative
species and we know particularly little about factors affecting
male reproductive success.

In cooperative breeders, where more than two individuals
provide extensive care for the offspring, a dominant pair
typically monopolizes reproductive output for extended
periods, sometimes leading to pronounced individual
variation in lifetime reproductive success in both sexes (e.g.
Clutton-Brock 1998a; Koenig & Dickinson 2004). In such
species, the critical importance of acquiring and retaining
social dominance for maximizing lifetime reproductive
success may result in strong selection for competitive traits
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that facilitate these processes. In addition, as nonbreeding
helpers can have a strong influence on the reproductive
output of dominant breeders, the size and composition of
social groups might also be expected to have an important
influence on the lifetime reproductive success of dominant
breeders. However, while a substantial theoretical literature
and the associated empirical tests of these models have
advanced our understanding of the causes of variation
in reproductive sharing across cooperative species (e.g.
Vehrencamp 1983; Faulkes et al. 1997; Solomon & French
1997; Clutton-Brock 1998b; Field et al. 1998; Reeve et al. 1998;
Clutton-Brock et al. 2001b; Cant & Reeve 2002; Haydock &
Koenig 2003; Heinsohn & Legge 2003), our understanding
of the key traits allowing individuals to maximize their
lifetime reproductive success in such species remains poorly
developed (but see O'Riain et al. 2000; Russell et al. 2003;
Hodge et al. 2008). In this study, we address this shortfall in
our understanding by investigating the individual traits and
social factors that affect the key components of reproductive
success in male meerkats (Suricata suricatta).

Meerkats, are small (< 1 kg) obligate cooperative breeders
inhabiting dry areas of southern Africa (Clutton-Brock
et al. 1999a, b). Group size may reach 50 individuals (mean
12.4 + 8.4, median 11.8) and typically comprises a dominant
breeding pair and a host of subordinates, both mature and
immature, who contribute to the cooperative rearing of
litters (Clutton-Brock ef al. 2001a, 2003, 2004). Adult males
and females do not differ substantially in body weight, and
both sexes are sexually mature at around 1 year of age, but
rarely breed before they are at least 2 years old. Pups are
generally born to the dominant pair (up to four litters per
year with a mean litter size of 4.0 = 1.3, N = 181 litters), but
subordinates of both sexes do breed occasionally, albeit at
low rates due to reproductive suppression by the dominant
female and a lack of unrelated breeding partners (O'Riain
et al. 2000). Females can either inherit the dominant position
in their natal group if the existing dominant female dies, or
they can join a coalition of males and form a new group.
Males never become dominant breeders in their natal group
and either join a coalition of females and form a new group,
or immigrate into an existing group that has no dominant
male. There is no obvious dominance hierarchy among
subordinates of either sex, and when a dominance vacancy
arises, or a new group forms, group members compete
intensely with same-sex individuals to gain the dominant
breeding position. Subordinate adult males, both immigrant
and natal, often leave their groups on temporary prospecting
forays, for one to a few days at a time, in search of extra-group
breeding and dispersal opportunities (Young et al. 2005).
These males remain group members and continue to
contribute to cooperative activities (albeit at rates reduced
in proportion to their investment in prospecting; Young et al.
2005), until they disperse permanently. Female dispersal
arises from temporary evictions from the group by the dom-

inant female, during which multiple evictees occasionally
band together to form a small coalition and attempt to
found a new group with a coalition of foreign prospecting
males. While our understanding of reproductive conflict
among female meerkats is now well developed (Clutton-
Brock et al. 2001b; Young & Clutton-Brock 2006; Young et al.
2006), this study aims to advance our comparatively poor
understanding of the factors affecting the outcome of repro-
ductive competition among males.

In this study, we use 12 years of life-history data, beha-
vioural observations and genetic data to examine the factors
that influence reproductive success in male meerkats. We
begin by confirming that dominants acquire the majority
of male reproduction (as previously shown by Griffin ef al.
2003). We then look at the factors that influence (i) the
acquisition of dominance, (ii) retention of dominance (i.e.
breeding tenure), and (iii) a male’s ability to monopolize
reproduction while dominant (i.e. the proportion of pups
sired born to the dominant female). Finally, to quantify the
relative importance of the factors affecting the reproductive
success of dominant males, we partition the variation in
dominant male reproductive success into three components:
dominance tenure, reproductive rate, and offspring survival.

Methods

Study population and data collection

All data were collected from a habituated meerkat population
at the Kuruman River Reserve (26°58’S, 21°49°E) in the
southern Kalahari Desert, South Africa. In this population,
demographic, morphological and behavioural data have
been collected since 1993 by over 50 researchers and highly
trained volunteers. All animals were individually identifiable
by small haircuts or dye marks, maintained without the
need for capture. Groups were visited on a near-daily basis,
and on each visit, individual demographic events were
recorded, such as births, deaths, immigration, evictions
and whether males had conducted temporary prospecting
forays. From these long-term records, data such as individual
origin and age, group size and composition on a particular
day and other variables could be extracted. Most individuals
were habituated to step onto a portable electronic balance
from a young age, allowing us to collect regular weights
for over 95% of the study population. Weight data were
collected prior to their morning foraging trips to reduce
variation caused by variations in stomach content weight.
More details about the study population and data collection
can be found in (Russell ef al. 2002). Meerkats were considered
pups until the age of 3 months and adults when older than
12 months.

Dominant individuals were identified by their behaviour
towards other group members (Griffin et al. 2003). Dominant
males had enlarged anal glands and scent-marked more
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frequently than other males, and asserted their dominance
over other group members in a variety of ways, including
anal marking, rubbing other individuals with their chin,
or in extreme cases, by attacking and biting. Subordinate
males respond to these dominance assertion behaviours
by adopting a characteristic grovelling posture, usually
accompanied by a peeping vocalization, and either grooming
the dominant or rolling over onto their backs. Changes in
dominance, often preceded by a short period (hours to days)
of intense fighting, were accompanied by dramatic changes
in behaviour in the contesting individuals, and hence were
immediately recognizable. Males were only recorded as
having assumed the dominant position if all other adult
males in the group responded submissively to dominance
assertion behaviours for at least 1 week.

Genetic methods

We obtained tissue samples for genetic analyses by cutting
a small piece of tail-tip (~2 mm) with a pair of scissors from
pups when they first emerged from the natal burrow at
approximately 3 weeks of age. Only pups that emerged
from the natal den could be sampled, but as previous studies
have shown that offspring mortality prior to emergence is
rare (Russell et al. 2002), it is likely that we sampled the
majority of pups born into our study population. Tissue
samples were also taken from adults that immigrated into
the study population. All sampled individuals returned
to what appeared to be undisturbed behaviour shortly
after the sample was taken, none of the cuts developed
any (visible) infections, and we have no evidence that
the procedure had any long-term negative consequences.
Samples were stored in DMSO or 100 mm EDTA 95% ethanol
at —20 °C. We extracted DNA using standard chelex or
phenol/chloroform methods (Maniatis et al. 1982) and stored
samples in double-distilled water at —20 °C.

Fourteen microsatellite markers were used to assess
paternity (see Table 1). To enable multiplexing, we changed
the annealing sites of markers Ssu 7.1, Ssu 8.5, Ssu 11.12,
Ssu 12.1, and Ssu 13.8 (Table 1). Touchdown 10 puL polymerase
chain reactions (PCR) multiplexes contained three to four
markers, labelled with fluorescent dyes HEX, TET and FAM
(PE Applied Biosystems). All PCRs contained 1.5 pL Applied
Biosystems Gold Buffer, 0.8 uL 25 mm MgCl,, 1 uL 10 mm
dNTP mix, 0.2 uL Tag Gold. The amount of marker used
varied between markers and multiplexes (from 0.25 to 0.8 uL
10 mm marker, equivalent to 2.5-8 pm) and the annealing
temperature ranged from 48 to 58 °C. Typical cycling
conditions were 12 min at 95 °C, 20x (30 s at 95 °C, 30 s at
58 °C (-0.1 °C/cycle), 1 min at 72 °C), 15x (30 s at 95 °C,
30sat56 °C, 1 minat72 °C), 10 min at 72 °C. PCR products
were run on a PE Applied Biosystems ABI 377XL using
TAMRA 500 as internal size standard and cellulose combs
to prevent spill-over. Results were extracted and analysed
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with GENOTYPER software. The entire procedure from DNA
extraction to genotyping was performed in no particular
sample order to avoid observer biases. Extracted lanes were
compared to the raw gel image to eliminate false dye peaks.

Individual genotypes were compared to those of their
relatives (where known from life-history data) to isolate
genotyping errors and further improve the quality of the
data. Since mother and siblings can reliably be identified
from observational data (Griffin et al. 2003), it was possible
to rectify some of the genotyping errors using simple
logical rules based on Mendelian patterns of inheritance. In
cases of single repeat errors (due to PCR stage misprint or
variations in fragment mobility in gels), inferences from
the genotypes of relatives sometimes allowed us to directly
correct the genotype. Additionally, dropouts or poor ampli-
fication may cause false homozygotes. Wherever possible,
we corrected such errors by looking at the raw gel to see
if peaks just below the threshold had been omitted, or
alternatively, from inferences made from the genotypes of
relatives. However, sometimes no correction could be made
objectively, despite an obvious error, so these false alleles
were left unaltered. Duplicate runs showed an overall error
rate of about 3%, of which the majority could be corrected.
We therefore assumed an overall conservative error rate of
2% in the final genotypes.

Analyses are based on 792 individuals (82% of the
population). Most loci showed moderate to high variation
with up to 17 alleles and mean heterozygosity levels of 0.73
(Table 1). Three loci showed significant heterozygote excess
and, overall, the population showed slightly higher-than-
expected heterozygosity levels (paired t=3.62, d.f. =14,
P <0.05). After Bonferroni correction, only one marker
deviated significantly from Hardy—-Weinberg expectations,
possibly because its low variation (with only three alleles)
made it susceptible to random effects. Overall, levels of genetic
variation adhere to what could be expected in a large
population of kin groups exhibiting inbreeding avoidance
and strong reproductive skew (Chesser 1991; Dobson et al.
1998). On average, we obtained data from 9.3 + 3.1 loci per
individual. The overall amplification success was 78% + 18%
(mean + SD) and all individuals included in the analyses
were scored for a minimum of five loci, although individuals
at the lower end of the range (with five to eight loci amplified)
could often not be assigned fathers with a high degree of
confidence.

Paternity assignments

We assigned paternity using the software CERvUs (Marshall
2001). When more than one female gave birth simultaneously,
we used genetic data when available to identify the mother
by exclusion. Dates of birth could be determined to within
1 day and most individuals included in our analyses had
known mothers (> 99%). Where maternity was unknown,
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Table 1 Microsatellite statistics. Significance levels for Hardy-Weinberg equilibrium have not been Bonferroni-corrected. The annealing
sites of markers Ssy 7.1, Ssu 8.5, Ssu 11.12, Ssu 12.1 and Ssu 13.8 were redesigned to allow multiplexing (changes within brackets)

No. of No. of

Marker Ref Sequences 53’ (forward/reverse) individuals alleles Sizerange H, Hg P value

AHT130 1 CCTCTCCTGGTAAGTGCTGC 639 17 122-156 0.77 0.73 0.44
TGGAACACTGGTCCCCAG

Fca 045 2 TGAAGAAAAGAATCAGGCTGTG 270 1 158-178 0.80 0.64 0.08
GTATGAGCATCTCTGTGTTCGTG

Fca 077 2 GGCACCTATAACTACCAGTGTGA 677 10 96-114 0.61 0.59 0.47
ATCTCTGGGGAAATAAATTTTGG

Fca 232 2 ATGACCATCTCAAACTTCATGG 714 12 90-118 0.62 0.64 0.36
AGCTGAGTTTGCGTTTATCATG

HG 8.10 3 AATTCTGAAGCAGCCCAAG 263 10 190-225 0.76 0.63 0.18
GAATTCTTTTCTAGCATAGGTTG

*Ssu 7.1 (+18 bp) 4 ATCCCTTAATGCATAGGCACAC 676 11 158-178 0.77 0.63 0.14
CCTGCTAGTCTTCTCCGTGCG

*Ssu 8.5 (+44 bp) 4 GTCAGGTGCTTAACTGACTGG 492 17 252-284 0.86 0.74 0.04
TGGAGTCACTCATTTGGTTTTG

Ssu 10.4 4 CTCCAGTTCTTTTCCCTGGAG 674 17 108-140 0.79 0.73 0.35
CATTGGGTGCACACTGTCTCC

*Ssull.12 (-11bp) 4 CAGGAAATTTTCATCCTGGTAG 689 14 102-128 0.75 0.69 0.40
AGCTTTATTTTTCTCTGTGGCA

*Ssu12.1 (+26bp) 4 TTGTTTAAGCCACCCAGICTG 674 13 158-182 0.78 0.67 0.17
TCCTGGTGACACAAACAATGC

*Ss 13.8 (+69 bp) 4 GATCAGTGAGAACAGAAGTGC 407 1 204-228 0.68 0.64 0.48
ACCTCCTCCTCCAGATGCATC

Ss13.9 4 TGGAAGTAGGTAGAAGACATTT 200 3 130-134 0.66 0.25 0.00
AGGGATGAGAAGACCACCCTC

Ss 14.14 4 GCATTAAACTATAATTTGCTGAG 219 9 111-127 0.80 0.62 0.02
CCCGAGGACAGAGACAAAATG

Ssu 14.18 4 GATCACCTAAAATTGCACTACT 192 8 129-149 0.64 0.57 0.41
TCAACCTGCAGGTTTCAGACC

Average + SD 485 + 215 12+4 0.73+0.08 0.63+0.12

1, Holmes et al. 1995.

2, Menotti-Raymond et al. 1999.
3, Goodman 1997.

4, Griffin et al. 2001.

*modified annealing sites.

Hy, observed heterozygosity.
Hp, expected heterozygosity.

P, probability.

we ran the analysis without this information, but loss of
power resulted in few significant assignments. We included
adult group males and all males seen prospecting at the group
during a 2-week window around the calculated conception
date as candidate fathers. Pregnancy lasts approximately
70 days; thus, conception could be back-calculated from
known dates of birth (Clutton-Brock ef al. 2001a). This gave
a typical candidate file of about 10 males (range five to 50).
To reduce false assignments, we excluded males who were
offspring of the mother. Previous genetic work has shown
zero prevalence of within-group incestuous matings
(Griffin ef al. 2003). Behavioural observations also strongly
support this contention, e.g. if all immigrant males die, a
natal male may become socially dominant in their natal

group (typically alongside their mother). These males do not
mate guard, but instead conduct extraterritorial prospecting
forays for dispersal and mating opportunities. Immigrant
dominants, on the other hand, never conduct such extrater-
ritorial forays (Young et al. 2007). These rare ‘natal dominants’
have been excluded from our analyses, and thus throughout,
the term ‘dominant male’ refers to immigrant dominant
males. Our CERVUS settings assumed we had genetic
information from 95% of candidate fathers, accounted for
missing data and an error rate of 2%, and finally, assumed
that each assigned candidate had five related males (with
an average relatedness of r = 0.25). We attempted to assign
paternity to 658 pups. Individuals that were adults when
first seen were omitted from paternity analysis as their
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candidate fathers were not known. We assigned paternity
with > 80% confidence for 528 individuals. Of these, a further
333 individuals could be assigned a father with > 95%
confidence. This analysis will have been unable to assign
paternity to fathers not included in the candidate file (e.g.
foreign prospecting males not seen at our groups or those
that were unsampled as they originated from outside the
study population). This is expected to give rise to an under-
estimation in the prevalence of extra-group paternity,
although it should not give rise to any consistent bias
among the classes of male within the groups (e.g. dominant
vs. subordinate) nor among the groups in our likelihood
of assigning extra-group paternity. The majority of failed
assignments appear to have been caused by insufficient
genetic data (i.e. poor amplification), rather than a lack of
the fathers in the candidate files. For a detailed study of
the prevalence and causes of extra-group paternity in this
population, see Young et al. (2007). When calculating the
distribution of paternity among dominant and subordinate
males, we only included assignments with probability
of > 95%. This is because, as the dominant male sires the
majority of offspring, false assignments caused by random
error will inflate the number of pups sired by nondominant
males. For our other analyses, the inclusion of paternity
assignments at 80% confidence adds noise to the data, but
will not introduce any systematic bias to the analyses.

Statistical analyses

Several analyses involved repeated measures of the same
individual or group, and in these cases, generalized linear
mixed models (GLMMs) were used. These are similar to
generalized linear models (GLMs) except that GLMMs
allow both fixed terms and random terms to be defined. If
random terms (individual, litter and/or group) were not
significant (P > 0.05) simple GLMs were used (Pinheiro &
Bates 1996). In all cases, GLMMs (with random terms retained)
and GLMs yielded qualitatively similar results. All two-way
interactions were tested, but only presented if significant.
Unless otherwise stated, means are presented with standard
deviations (+ SD). All statistical tests are two-tailed. Com-
putations were performed in GENSTAT (VSN-International
2005), sTATISTICA (StatSoft 2005), RELATEDNESS (Goodnight
& Queller 1999), GeNeror (Raymond & Rousset 1995), and
Microsoft Excel (including the add-in rorTrooLs; Hood 2004).
The data presented come from 67 completed dominance
tenures by 54 males, in 23 social groups. Two males held
two dominance tenures in the same group (regaining
dominance within their group after losing it for a period).
Seven males held two dominance tenures in different groups
(dispersing into a new group to hold dominance after
their first dominance tenure had ended). Two males held
dominance tenures in three successive groups, and a further
two males held two dominant tenures in one group, and a
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third tenure in a second group. Some analyses did not
require the completion of dominancy (e.g. distribution of
paternity within litters), and for these, we included data
from open-ended tenures (i.e. with unknown ending dates),
bringing the total up to 72 dominance tenures by 60
individuals. As all data were not available for all individuals,
sample sizes vary between analyses. We only included
males that held their dominance tenure for more than 3
months to avoid biasing our results with poor estimates of
reproductive rates arising from short monitoring times
(e.g. those males that did manage to sire a litter within their
short 3-month tenure would be attributed an unrealistically
high reproductive rate). This 3-month cut-off was applied
to all analyses.

Acquisition of dominance

Estimating the proportion of individuals that acquire the
dominant position in their lifetime can be difficult, since
spatial restrictions of field studies often make it impossible
to assess whether animals that disappear have died or
successfully dispersed. However, if there are no qualitative
differences in population dynamics between the observed
population and that surrounding it, demographic data can
be used to produce accurate estimates of these parameters
(see Lucas et al. 1994). It follows logically from the assumption
of demographic and spatial homogeneity that the fraction
of animals disappearing will correspond to the number
from which successful immigrants must emanate from. In
other words, the number of animals disappearing will
result in the same number of successful emigrants as there
are successful immigrants. To obtain an estimate of the
proportion of males that become dominant, we therefore
divided the number of dominance acquisitions at our
study site by the number of male pups that emerged. This
gives an estimate of the likelihood that an emergent male
pup has of becoming dominant during its lifetime. We
excluded males that acquired a second dominance tenure
in a new group. The same logical argument could, in
principle, be applied to the temporal issue of which pups
to include when calculating the proportion that became
dominant during the sampling window. However, because
the study area has continually been expanded, the number
of groups under study has also increased. As a consequence,
the end of the study interval holds more young individuals
that have not yet reached an age where they realistically
can compete for dominance. We therefore limited our analyses
to individuals that were at least 4 years old at the end of
the study period, an age where well over half of all
dominant males have acquired their dominance tenure.
To investigate the factors that influenced dominance
acquisition, we looked at male survival probabilities over
time (assuming the surviving number of emigrating males
equalled the number of surviving immigrants, see previous
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paragraph for rationale) and calculated the proportion of
males in each age category that acquired dominance. To
establish at what age males become dominant, and to
investigate the importance of age, we compared the age
of the successful male in relation to other males within
the group at the time of the dominance change. Finally,
we investigated the effect of weight by comparing the
weight of all males competing for dominance, as well as
doing a separate comparison including only same aged
males.

Factors affecting tenure length

To investigate the factors affecting tenure length, we
log-transformed dominance tenure (days) and fitted it as the
dependent variable in a GLM. The following explanatory
terms were tested: age at dominance acquisition (days),
weight at dominance acquisition (grams), mean group
size (mean number of individuals older than 6 months),
mean number of competitors (males unrelated to the
dominant female who were older than 1 year) and mean
number of unrelated females throughout the males tenure.
We obtained mean values by recording the number of
individuals in each category at the start of each 6-month
period of dominance, and averaging these values over
the dominance tenure. Mean group size was moderately
correlated with the mean number of adult females in the
group (adjusted R2 = 0.6). Group size was not correlated
to the mean number of males unrelated to the breeding
male (adjusted R2 = 0.0). Analyses were conducted on 67
complete dominance tenures.

Factors affecting the proportion of pups born in the group
sired by the dominant male

To investigate the factors affecting the dominant male’s
reproductive share per litter, we included the number of
pups per litter sired by the dominant male as the dependent
variable in a GLM with a binomial error structure and
complementary log-log link function. The total number of
offspring typed in litter was included as the binomial
denominator. This allowed us to investigate the proportion
of offspring sired by the dominant within the litter, while
weighting the data according to the number of offspring
genotyped. The following explanatory terms were tested:
dominant male age (days), dominant male weight (g), group
size at conception (number of group members > 6 months),
number of competitors at conception, number of prospectors
seen at group in the 2 weeks around conception, the
number of unrelated females in the group at conception,
rainfall (mm), and time spent with current dominant partner.
The analysis was conducted on 107 litters, born during the
tenures of 26 dominant males in 14 groups for which we
had comprehensive data. Only litters born to dominant

females were included. The dominance status of mothers
could be easily determined through behavioural observations
(Hodge et al. 2008).

Variance components of reproductive success
while dominant

The reproductive output of dominant males will be a
product of the length of time they hold the dominant
position (tenure), the rate at which they produce offspring
during their tenure (breeding rate) and the survival of any
offspring they produce. To compare the relative importance
of tenure, breeding rate and offspring survival on the
reproductive output of dominant males, we conducted a
multiple linear regression in which the total number of
offspring produced that survived to 3 months was
included as the dependent variable. Dominance tenure
(number of months in the dominant position), breeding
rate (number of offspring produced per month of tenure)
and offspring survival (proportion of offspring produced
that survived to 3 months) were included as explanatory
terms. All were log-transformed to reduce the model to
simple additive terms, which removes two-way interactions
(see Clutton-Brock 1988). We used the standardized regression
coefficients to compare the relative importance of each
variable on the dependent variable, which effectively
partitions the total variance in reproductive success into its
three constituent components. This approach allowed us to
identify which components had the biggest influence on
male reproductive success. Analyses were based on 36
males for whom we had exhaustive data.

Results

Paternity distribution

Our results confirm the findings of an earlier study (Griffin
etal. 2003) that dominant males sired the majority of
offspring in the study population for which fathers could
be assigned (~86%, or 286 of 333 pups assigned at 95%
confidence). Intra-group subordinate males sired just over
4%, and the remaining 10% of pups were sired by extra-group
males (Fig. 1). These numbers reflect the distribution of
paternity among offspring of known paternity. Since we
only included extra-group males as candidate fathers if
they were actually seen at the group and were genotyped
(i.e. from within our study population), this is expected to
underestimate the proportion of young sired by extra-group
males (for a detailed study of the prevalence and causes
of extra-group paternity in this population, see Young
et al. 2007).

When separating litters born to dominant and subordinate
mothers, the patterns of paternity differ substantially. Of pups
born to the dominant female (N =299 assigned at 95%
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Dominant
male

0.9
0.8 1
0.7 1
0.6 1
0.5
0.4

0.31 Subordinate

male
Extragroup Dominant / Extragroup

Proportion of offspring sired

0.2 1

0.1 A male male male

_ mmm

Subordinate female
Breeder category

0.0
Dominant female

Fig. 1 Distribution of paternity of pups born to dominant and
subordinate females. Only assignments with > 95% confidence
(N = 333) were used when constructing the figure to minimize bias
(see Methods).

confidence), dominant males sired 92%, subordinate males
sired 4% and extra-group males 5%. On the other hand,
subordinate female litters (N = 34 assigned at 95% confidence),
which accounted for 10% of all pups born, were only sired
by the dominant male in 43% of cases, and never when the
subordinate female was his daughter. Subordinate males
and extra-group males sired 10% and 47% of pups born to
subordinate females, respectively (Fig. 1).

Dominance acquisition

Between 1993 and 2004, approximately 17% of males born
or immigrated into our population became dominant at some
stage during their life (35 out of 210) with great variation in
tenure lengths (13.7 = 15.0 months, median 9.8). Males
acquired dominance at an average age of 39.6 + 16.2 months
(N =55, range 12.7-81.3 months). Males below the age of 3
years had a low probability of acquiring the dominant
position, whereas nearly all individuals reaching 8 years
of age become dominant (Fig.2). Relative age was a
strong predictor for dominance acquisition when a vacancy
arose (Fig. 3) and the oldest male acquired dominance in
the majority of cases (60 of 72; x2 =18.0, d.f. =1, P < 0.001),
e.g. the two males in Fig. 3 that acquired dominance at
1 year of age were, despite their young age, the oldest
males in their respective groups at the time.

The relative weights of males competing for dominance
had no significant effect on the outcome. For competitors of
different ages, there was no effect of weight on the likelihood
of winning a fight [t = 1.66, d.f. = 42, P = 0.10; mean weight
winner 713 + 56 grams (median 720 grams), mean weight
loser 735 + 75 grams (median 734 grams)]. The same result
was found when comparing males of identical age (paired
t=0.10, d.f. =17, P = 0.91), although the differences between
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Fig. 2 Effects of survival on probability of attaining the dominant
position (proportion of males surviving to 1, 2, 3 ... 8 years of age
that acquired alpha status). The total height of the bar indicates the
proportion of males that emerged from the den that survived to each
age class (e.g. nearly 40% reach 2 years). The lighter grey area shows
the proportion of individuals in each age class that were dominant
(also shown in numbers above each figure). The figure is based on
197 individuals for whom complete life-histories were known.
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Fig. 3 Effect of age on the acquisition of alpha status in males
(N =72 dominant individuals). Total column height equals the
proportion of males acquiring alpha status at different ages. Light
grey areas show the proportion of cases where the individual
acquired alpha status despite not being the oldest contender.

the winner and the loser ranged from -98 to 97 g (often >
10% of body weight) with a mean of -1.5 + 59.5 g (mean
weight winner 720 + 66 grams (median 727 grams), mean
weight looser 721 + 81 grams (median 700 grams).

Factors affecting tenure length

Dominant male tenures were longer when the average
group size across their tenure was large, but shorter in
groups that held a larger number of adult females unrelated
to the dominant male (Table 2). Neither dominant male
age, weight, nor the dominant female’s age at male dominance
acquisition had any significant effect on tenure length.
Including all tenures with known start and end dates means
male tenure length was 14.3 + 15.8 months (N =67 by 54
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Table 2 Factors affecting tenure length (in days), based on 65 dominance tenures

Variable Estimate SE d.f. P value Comment

Mean no. of unrelated females -0.15 0.03 56 < 0.001 Females > 1 year at start of each

to dominant male in group 6-month window averaged

Mean group size 0.06 0.02 56 <0.001 Individuals > six months at start
of each 6-month window averaged

Male age (days) -0.04 0.13 54 0.76 At acquisition

Male weight (g) 0.00 0.00 33 0.10 Mean weight during the 30 days
preceding conception

Mean no. of male competitors 0.03 0.03 56 0.32 Males > 1 year at start of each
6-month window averaged

Constant 2.34 0.13 56 <0.001

Results from a general linear model with tenure logged as the dependent variable and a normal error structure and identity link function.
Individual was not significant as a random term and was dropped from the analysis (P > 0.05).

individual males, median = 10 months, range 0—68 months).
Of these, 39 ended when the male was ousted by another
male, 13 because the male died, and 15 because the dominant
female died, which typically led to the male dispersing
soon afterwards.

Dominant males were only noted to willingly depart
their groups once all females to whom they were unrelated
had either died or dispersed, and so their pursuit of a
second tenure elsewhere appears to be driven simply by
the need for access to unrelated breeding partners (i.e. not
by a drive to control a larger group of females, as has been
reported in lions, Panthera leo; Packer & Pusey 1993). For
males with sequential dominance tenures, there was no
significant difference in group size or number of females
between the first and second tenure. Males assuming a
second tenure (N = 15 cases) experienced a mean decrease in
group size of 2.4 + 10.2 individuals and a mean decrease in
the number of females to whom they were unrelated of 1.7 +
9.7 females (in both cases, paired t-tests revealed P > 0.4).

Factors affecting the proportion of pups in the group sired
by the dominant male

In litters where all pups had fathers assigned at 95%
confidence, about 17% of litters had multiple fathers. Because
our mean number of genotyped pups per litter is 3.1, the
chance of a false assignment becomes 1-0.953.1 or 14%. This
makes it precarious to estimate the true frequency of multiple
paternity. But although we have included assignments as
low as 80% confidence to maximize our sample size when
investigating factors affecting reproductive success, it is
important to realize that although such a relaxed assignment
introduces some noise in the data set, it does not bias the
data. Our results here show that the proportion of pups in
each litter that were fathered by the dominant male
decreased with increasing numbers of competitors in the
group and with increasing numbers of prospecting males

seen at the group during the litter’s conception window
(Table 3). After controlling for these effects, dominant males
sired a higher proportion of the dominant female’s litter
when they were in larger groups. Weight, age, rainfall, number
of unrelated females or time spent with the dominant
partner, had no significant effects on the dominant male’s
reproductive share per litter (Table 3).

Variance components of reproductive success
while dominant

Our measure of dominant male reproductive success varied
from zero (one male) to 60 during one or multiple tenures
(10 £12, N =40). The largest components of variance in
dominant male reproductive success were time spent in the
dominant position (41.0%; Table 4 and Fig. 4) and the rate
at which pups were produced (46.8%). Differences in
offspring survival only explained 12.2% of the variance in
reproductive success of dominant males (Table 4).

Discussion

Our aim in this study was to investigate the factors that
influence dominance acquisition in male meerkats, and the
extent and causes of variation in reproductive success
while dominant. The high degree of reproductive skew
found is comparable to that of males in other highly
cooperative breeders [e.g. in dwarf mongooses (Helogale
parvula), the dominant male sires about 75% of offspring
(Creel & Macdonald 1995); in African wild dogs (Lycaon
pictus), the dominant male sires 80-90% (Creel & Creel
2002); and in the cooperatively breeding Florida scrub jay
(Aphelocoma coerulescens), extra-pair fertilization is virtually
absent, purportedly due to large territory size and low
variation in the quality of territory-holding males (Quinn
et al. 1999)]. Given the high reproductive skew among male
meerkats, one might predict strong competition among

© 2008 The Authors
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Table 3 Factors affecting the proportion of pups in the group sired by the dominant male (based on 106 litters)

Variable Estimate SE d.f. P value Comments

No. of male competitors -1.49 0.32 103 <0.002 Only males unrelated to dominant
female at conception

No. of prospectors -0.56 0.18 103 0.003 At 2 weeks around the conception

Group size 0.76 0.29 103 0.01 At conception

Male age (days) 0.04 0.03 102 0.23 At conception

Male weight (g) 0.00 0.00 84 0.66 Mean weight during the 30 days
preceding conception

Rainfall (mm) 0.00 0.00 920 0.40 Total rainfall during 3 months
preceding conception

No. of females unrelated to DM in group -0.12 0.34 102 0.73 At conception; DM, dominant male

Constant 348 1.01 103 < 0.001

Results from a generalized linear model with a binomial error structure and logit link function. Group and individual were tested as random
terms, but were nonsignificant and dropped from the analysis (P > 0.05).

Table 4 Analysis of variance components of reproductive success in dominant male meerkats

Proportion of

Component variance explained B SE df. Comment

Dominance tenure 41.0% 0.86 0.14 1,34 No. of months in tenure

(reproductive lifespan)

Breeding rate 46.8% 0.98 0.14 1,34 No. of pups produced /month

Offspring survival 12.2% 0.25 0.17 1,34 Proportion of offspring surviving to 90 days
100%

Multiple regression of components affecting reproductive success. All variables were log-transformed to make the model additive (rather
than multiplicative, which introduces interaction effects). Standardized regression coefficients (B) were used to derive the relative
proportion of variance explained by each variable. The total number of offspring surviving to 90 days was used as the dependent variable.
See Clutton-Brock (1988) for discussion on alternative methods on how to perform this analysis.

males to attain and retain the dominant position. We show
that age strongly influenced the outcome of contests for
dominance, but found no evidence that either dominance
acquisition or tenure length were correlated to body
weight, a trait often correlated to successful dominance.
Instead, our results indicate that both the time spent in the
dominant position and the proportion of offspring sired by
the dominant male, both important components of male
reproductive success, are strongly influenced by group size
and composition.

Given the intense competition between male meerkats
for dominant breeding positions, strong sexual selection on
phenotypic traits associated with fighting abilities might
be expected (e.g. large size or weaponry (Kruuk et al. 2002)).
However, our analyses revealed that the relative weight
of males had no apparent influence on the outcome of
dominance contests, but instead that the relative age of
males during contests for dominance was a strong predictor
of the outcome. Age has been shown to have an important
influence on the outcome of competition for dominance in
other species, particularly in primates and other carnivores

© 2008 The Authors
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(e.g. chimpanzees Pan troglodytes, Goodall 1986; dwarf
mongooses, Creel et al. 1995). The importance of age may
have several explanations. First, the correlation between
age and the outcome of dominance struggles could be an
effect of experience. For example, in a study of Weddell seals
(Leptonychotes weddellii), another species with pronounced
male-male competition and high male reproductive skew,
previous mating experiences explained nearly 40% of the
variation in male reproductive success, independent of age
(Harcourt et al. 2007). Second, age may also affect the relative
pay-offs for the contestants. Younger males, with most of
their lifetime reproduction ahead of them may be unwilling
to escalate fights as far as older males are willing to do. This
is thought to explain why older male song sparrows defend
their territories more vigorously than younger conspecifics,
regardless of previous experience of the specific area (Hyman
et al. 2004). In meerkats, such a mechanism would be further
augmented by their carnivorous dentition, well adapted
for fighting, since situations where both contestants have
the capacity to inflict serious injuries to their opponent, small
differences in relative pay-offs of winning a fight may more
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Fig. 4 Reproductive output of dominant males (with dominance
periods >90 days, N = 40). The figure plots the ‘number of offspring
sired” against ‘tenure’, while controlling for the proportion of
offspring genotyped during the male’s tenure. Note that the y-axis
is logarithmic as the dependent variable in the model (number of
offspring) had to be log-transformed for normality. We only
included tenures exceeding 3 months (see Methods).

strongly bias the outcome than physical attributes. For
example, the rarity of challenges in lions for the acquisition
of mating partners or food items held by other individuals,
even when considerable size differences exist between
individuals, probably reflects the high costs of fighting
in this species (Packer et al. 1991). A similar explanation
has been invoked to explain the reproductive egalitarianism
in many gallinule birds (Jamieson & Craig 1987). But
why the relative weight of males (even between same-
aged competitors) had no influence on the outcome of
dominance contests awaits a definite answer.

Once dominant, variation in tenure length explains 41%
of the variation in total reproductive success of males. As
over 40% of males lost their dominance because either they
or their partner died, stochastic events such as predation
will clearly have an important influence on male tenure
length. However, despite the importance of these chance
events, our analyses revealed that social factors explained
a significant amount of variation in tenure length. Dominant
males in larger groups had longer tenures, whereas those
in groups with more females experienced shorter tenures.
While there has been little investigation of the factors
affecting dominance tenure in cooperatively breeding
species, there is some evidence from noncooperative species
that group size and composition influence tenure length.
For example, in mandrills (Mandrillus sphinx), alpha male

tenure declined with the number of mature and adolescent
male rivals in the group (Setchell et al. 2006), and in lions
(Packer et al. 1988) and Thomas’ langurs Presbytis thomasi
(Steenbeek 2000), male tenure was shorter in groups con-
taining large numbers of females. The increased tenure
length of dominant male meerkats in larger groups may
arise because larger groups are better able to ward off
approaches from prospecting males who might otherwise
take over the group and displace the resident dominant.
Alternatively, this correlation could be a consequence of
group size effects on survival. Individuals in larger groups
show higher survival (Clutton-Brock et al. 1999a), and
hence hold tenure for longer. Finally, this correlation could
reflect in part the fact that many tenures start when new
groups are founded, and so as tenure length increases, groups
might be expected to be larger, as newly founded groups
tend to grow in size over time. The causes of the negative
correlation between tenure length and female number is
less clear, but perhaps groups with a large number of females
attract the attention of other males, so that dominant males
in such groups are challenged more frequently, both by
subordinates immigrants within the group and by prospecting
males from other groups. The general importance of tenure
for reproductive success has been shown in a number of
species [e.g. lions (Packer et al. 2001); hyenas Crocuta crocuta
(East & Hofer 2001; Engh et al. 2002)].

Variation in breeding rates explains a further 47% of
variation in male reproductive success. Because the dominant
female accounts for about 90% of the total offspring pro-
duction, the dominant male breeding rate is to a large extent
governed by the product of the reproductive rate of the
dominant female and the dominant male’s ability to
capitalize the reproductive share of these litters. The rate
of litter production by the dominant female has been
explored in previous work and is known to depend on the
dominant female’s phenotype (e.g. age and weight) as well
as group size and composition (Russell et al. 2003; Hodge
et al. 2008). We show that, in males, group size also influ-
ences the proportion of the dominant females’ offspring that
the dominant male sires. Dominant males sire a greater
proportion of pups in large groups, again perhaps because
larger groups are better able to ward off extra-group males.
However, the proportion of offspring sired by the dominant
also decreases as the number of competitors increases,
declining with both the number of adult males within
the group, as well as the number of prospecting males
approaching from other groups. Dominant males guard
the dominant female vigorously when she is in estrus,
which probably helps to reduce these losses in paternity.
Positive effects on paternity certainty from pre- and post-
copulatory mate guarding are known from many other
systems (e.g. Gullberg et al. 1997; Schleicher et al. 1997;
Komdeur 2001), although the effectiveness of mate guarding
varies widely between systems. For example, in mountain
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gorillas (Gorilla beringei beringei) dominant males loose about
15% of paternity to subordinate males (Bradley et al. 2005)
while in many bird species, extra-pair paternity can reach
76% despite territoriality and mate guarding (Griffith ef al.
2002). In meerkats, mate guarding by the dominant male is
facilitated by diurnal foraging in open habitats, the use of
sleeping burrows during the night (where individuals are
likely to remain in close proximity to conserve heat) and
group territoriality (extra-group males are attacked when
approaching the group), which may help to explain the
relatively low rates of extra-pair paternity observed in this
species. The apparent payoffs from ardent mate-guarding
are likely to explain why dominant males never leave the
group on prospecting forays or contribute to babysitting
(Clutton-Brock et al. 2004), since this would leave the
dominant female unattended.

In addition to male mate guarding, female choice may
also help to explain why skew is high among males and
extra-pair paternity is relatively low. Inbreeding avoidance
by the dominant female prevents many of the natal males
from reproducing within the group, and the xenophobic
behaviour of group males towards other males limits the
dominant female’s immediate choice of mating partners.
The dominant female may also prefer to mate with the
dominant male, as dominants are successful dispersers
and successful contestants, and have therefore proven their
high quality. The potential genetic rewards of mating with
other males may be limited, and the incentive for females
to seek mating opportunities elsewhere may thus be low, as
has been suggested for some cooperative bird species
showing strong mate fidelity (Quinn et al. 1999; Magrath
et al. 2004).

In summary, the reproductive success of male meerkats
largely depends on whether they attain the dominant
position during their lifetime, and once dominant, on their
tenure and reproductive rate. Our results indicate that social
factors are of primary importance, influencing both the
time that males spend in the dominant position as well as
the number of offspring that they sire. Males in large groups
hold the dominant position for longer and are cuckolded
less. However, their breeding success depends not only
upon the size of the group, but also upon its composition,
as dominant males had shorter tenures and sired fewer
offspring when the number of competitors within the group
was high. These findings highlight the importance of
considering group composition, as well as group size,
when investigating the factors that influence dominant
breeding success in social species. Few studies of cooperative
species have been able to investigate the factors that
influence the reproductive success of dominant male breeders,
and as such, our findings improve our understanding of
the selective pressures that operate among males in such
societies. Further research into the relative importance of
individual traits and social factors in determining the

© 2008 The Authors
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reproductive success of males in other cooperative species
is now needed.
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Goran Spong’s research primarily uses genetic tools to quantify
biological processes in natural populations, ranging from measures
of individual performance to demographic and evolutionary
processes. Sarah Hodge's research interests centre on understanding
the causes and consequences of conflict over reproduction in
cooperative animal societies. Andy Young’s research focuses on
the evolution of cooperative animal societies and the varied tactics
that subordinate group members employ to maximise their fitness
given their status. Tim Clutton-Brock’s research focuses on the
evolution of animal breeding systems and on the way in which
these affect population dynamics and selection, mainly using data
from the long-term studies of red deer on Isle of Rum, Soay sheep
on St Kilda, and meerkats in the southern Kalahari.
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